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We applied a recently developed fiber coupling technique to superconducting single 
photon detectors (SSPDs). As the detector area of SSPDs has to be kept as small 
as possible, coupling to an optical fiber has been either inefficient or unreliable. 
Etching through the silicon substrate allows fabrication of a circularly shaped chip 
which self aligns to the core of a ferrule terminated fiber in a fiber sleeve. In situ 
alignment at cryogenic temperatures is unnecessary and no thermal stress during 
cooldown, causing misalignment, is induced. We measured the quantum efficiency 
of these devices with an attenuated tunable broadband source. The combination 
of a lithographically defined chip and high precision standard telecommunication 
components yields near unity coupling efficiency and a system detection efficiency of 
34 % at a wavelength of 1200 nm. This quantum efficiency measurement is confirmed 
by an absolute efficiency measurement using correlated photon pairs (with A = 1064 
nm) produced by spontaneous parametric down-conversion. The efficiency obtained 
via this method agrees well with the efficiency measured with the attenuated tunable 
broadband source. 
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At near infrared wavelengths above 1100 nm, i.e. at telecommunication wavelengths, su- 
perconducting single photon detectorsi are an established single photon counting technology.- 
Due to their short dead time^, low timing jitter^, good detection efficiency, and low dark 
count rate^ they have already proved themselves in several experimental applications^"-. 
Furthermore, they are not only suitable for single photon detection, but also for single 
electron^ and single plasmon detection^. For optical experiments efficient coupling to an 
optical fiber is crucial. Because of the low operating temperature and the small active area 
of the detector, this task remains challenging. To date different techniques of fiber coupling 
to SSPDs have been shown. A fiber focuser in combination with a micropositioning stage 
at low temperature enables in situ alignment. However, because of loss in the fiber focuser 
and mechanical decoupling of the fiber and the detector, it was estimated that the coupling 
efficiency was only 80%.^*^ Another technique which is shown by different groups^i^ii is to 
mechanically clamp the fiber close to the detector. This can lead to near unity coupling 
efficiency, but it is very sensitive to small shifts, i.e. due to thermal contraction during 
cool down. Recently a fiber coupling technique was introduced for transition edge sensor 
devices.— This technique utilizes micromachining techniques developed for silicon substrates 
together with optical fiber techniques. Ferrule terminated fibers can be aligned with respect 
to each other with a commercially available precisely fabricated sleeve. As the dimensions 
of these sleeves are very precisely defined, it is possible to use sub-micrometer resolution 
of lithographic technology to fabricate a detector chip with a shape that ffis exactly in the 
sleeve. By fabricating the detector in the middle of the chip, the alignment of the detector 
with respect to the core of the ferrule terminated fiber follows naturally. 

In figure la the device is pictured. The chip, which has a circular shape (figure lb) is 
placed inside the fiber sleeve (figure la). The detector (figure Ic) is placed exactly in the 
middle of the circular piece of the chip. The detector itself also has a circular design to 
minimize the length of the nanowire, as the output of a single mode fiber has a Gaussian 
shape. Although a smaller active area increases coupling difficulty, it has several advantages. 
First, a smaller detector yields a shorter recovery time and second a smaller detector has a 
decreased probability of constrictions, which can severely limit device efficiency.— The total 
length of the nanowire was 847 fim, which results in a recovery time of approximately 10 
ns. We have chosen for an 11 fim diameter detector to match to the size of a single mode 
optical fiber (9 /^m). The width of the wire is 100 nm and it has a ffiling factor of 50%. 
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FIG. 1. Assembly of the fiber coupled detector, (a) Chip carrier with a mounted chip. To fiber 
couple the detector, a fiber ferrule is slid into the sleeve, (b) Photograph of chip, (c) Scanning 
electron microscope picture of the active area of the SSPD. (d) Schematic of the chip. 

The rectangular part of the chip extends outside the fiber ferrule, on which contacts are 
positioned for bonding. In figure Id a schematic of the chip is shown. 

The detector is fabricated by sputtering a thin NbTiN film on oxidized silicon and subse- 
quent electron beam lithography and reactive ion etching.- The circular chip shape is made 
by deep etching through the silicon substrate. The deep etching is performed by use of the 
Bosch dry-etch process^. This process provides highly anisotropic etching and a vertical 
etch profile through the 300 /im thick Si wafer can be obtained. It consists of a longer 
etching step (with SFg) and a shorter passivation step (with C4F8). The passivation step 
prevents the side walls from being etched. As a mask for the deep etching a photoresist 
with a thickness of 5 /xm is placed to protect the SSPD. To be able to apply electron beam 
lithography for patterning the chip, a triple layer mask is used (photoresist, metal, electron 
beam resist). After exposure and development of the electron beam resist, the pattern is 
transferred into the photoresist with reactive ion etching. In this way the flexibility of elec- 
tron beam lithography is combined with the requirement of a thick deep etch mask. The 
Bosch process is adjusted such that no measurable undercut or overcut on the bottom side 
of the chip is observed. The final diameter of the circular part of the chip is measured to be 
(2.5±0.002) mm, exactly the size of the ferrule of an FC connector. 

The chip is placed inside a fiber sleeve. The fiber sleeve is glued on a chip carrier, the 
part of the chip that extends through the opening of the fiber sleeve facilitates the contacts 
for bonding. After bonding and placing the fiber ferrule inside the connector, the assembly 
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FIG. 2. (a) Attenuated tunable broadband setup, consisting of a wavelength filtered white light 
source, attenuated by neutral density (ND) filters, coupled into a single mode fiber. The polariza- 
tion is controlled by a polarizer and a fiber coupled polarization controller. Before connecting the 
fiber to the SSPD, the power in the fiber is measured with a power meter, without the ND filters 
in place, (b) Setup for absolute quantum efficiency measurement, consisting of a nonlinear crystal, 
producing collinear type II correlated photon pairs, which are split by a polarizing beam splitter 
and sent to two detectors. 

is cooled down by either dipping it into liquid helium or by using a dipstick which allows to 
cool down to approximately 2.5 K by pumping on the outlet of the dipstick. 

In figure 2a the setup for measuring the efficiency is shown, using an attenuated tunable 
broadband light source. The light source consists of a white light source with filtering 
performed by an acoustic-optic modulator. The white light source is a high power ultra- 
broadband super continuum radiation source with a repetition rate of 20 MHz. The acousto- 
optic tunable filter system enables selection of a particular wavelength with a linewidth of 
approximately 6 nm. The setup also consists of different (3) neutral density filters, placed 
in series in the optical path. The amount of attenuation is measured with a power meter 
for all the wavelengths of interest. By measuring the neutral density filters separately a 
precise value of the attenuation is obtained. As the efficiency of the detector is polarization 
dependent, a fiber coupled polarization controller is used to change the polarization state 
of the light. The fiux of photons in the fiber Np^ can be calculated by Nph = A ■ PX/hc, 
with P the measured power before attenuation, A the total attenuation and hc/X the photon 
energy. The loss at the connection to the power meter is approximated to be equal to the 
loss at the connection to the detector. The fiux of photons in the fiber was between 10^ and 
10^ photons/s, much smaller than the repetition rate of the laser and the maximum count 
rate of the detector, but much larger than the dark count rate of the detector. The system 
detection efficiency is then defined as the dark count (Ndc corrected count rate (Nc) divided 
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by the flux of photons in the flber. 



SDE = ' (1) 



Another method to measure the quantum efliciency of a detector is based on the detection 
of correlated photon pairs. This method^^ has previously been used to characterize avalanche 
photodiodes^^ and solid state photomultipliersi^. The detection of a photon in a trigger 
detector heralds the presence of another (correlated) photon, to be detected by the device 
under investigation. The correlated photon pairs are produced by a nonlinear crystal via 
the process of spontaneous parametric down-conversion. The setup for this measurement is 
shown in flgure 2b. The crystal is a KTP (KTiOP04) crystal, from which coUinear type-II 
correlated photon pairs are created. The crystal is pumped with a diode pumped solid state 
laser, generating photon pairs at a wavelength of A=1064 nm with orthogonal polarization. 
The pair is split at a polarizing beam splitter after flltering out the pump beam. The 
correlated photons are then sent to two detectors. A time to amplitude converter is used to 
record the single count rates (A'^i,A"rf2) and number of correlations {N^. Without accidental 
and dark counts the efficieny of detector 1 is: rji = Nc/Nfi2- In the presence of accidental 
{Ra) correlations (caused by dark counts) and a dark count rate (A"^c) and an imperfect 
collection efficiency (pi) the equation is the following: 

Pi ■ {N,2 - iVdc) ^ ^ 

By exchanging the paths, the collection efficiency {pi and P2) can be determined. 

First, the results using the 'attenuated' method are presented. In flgure 3a the dark count 
rate and system detection efficiency as a function of current through the SSPD are shown 
for a wavelength of A=1310 nm, for the polarization state which gives maximum efficiency. 
We have shown that the interface between the silicon substrate and the silicon dioxide acts a 
reflecting surface and maximum absorption can be approximated with d ~ X/An + m ■ X/2n 
with d the thickness and n the refractive index of the silicon dioxide and m=0,l,2...-. With 
n = 1.5 and d = 220nm, for our device Xmax ~1300 nm. The system detection efficiency 
increases exponentially with current towards a plateau, which denotes the highest efficiency 
for our device. It is clear that at a temperature of 4.2 K this device did not show its maximum 
efficiency, but decreasing the temperature to ~2.5 K yielded a higher critical current and a 
higher detection efficiency, with a maximum of 34 %. The dark count rate as a function of 
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FIG. 3. (a) Dark count rate and system detection efficiency (measured with a laser diode with 
A = 1310 nm) as a function of bias current for a temperature of 4.2 K and 2.5 K. (b) System 
detection efficiency as a function of wavelength for polarization, yielding maximum and minimum 
efficiency. The data for maximum polarization is fitted. The circle indicates the efficiency measured 
via an absolute efficiency measurement. 

current showed the well known two slope exponential behavior. Background counts caused 
by detection of stray environment light coupling into the fiber are the major contribution at 
low currents. For currents close to the critical current the 'intrinsic' dark count rate takes 
over. The maximum dark count rate was ~ 1000 cps for 4.2 K and ~ 500 cps for 2.5 K. 

In figure 3b the system detection efficiency at 90% of the critical current (where the 
dark count rate is approximately 10 cps) is shown as a function of wavelength for the 
polarization states yielding maximum and minimum efficiency. The operating temperature 
for this experiment was 2.5 K. The curve shows two peaks in efficiency with a maximum at 
a wavelength of 1200 nm, although it has been shown that the intrinsic efficiency of SSPDs 
is higher for shorter wavelengths. It is apparent that the absorption efficiency plays a large 



10" 




part in the system detection efficiency, as this is highly increased for the cavity specific 
wavelength of A=1200 nm. To explain the shape of the curve we model the optical system 
according tc^ to calculate the absorption efficiency rjatsorpUon- The absorption without optical 
fiber is simulated in an FDTD simulation, with the optical index (n, k) measured with an 
ellipsometer. To incorporate the effect of the fiber tip the absorption efficiency is multiplied 
with a function which describes a Fabry-Perot cavity using Fresnel equations. In order to 
fit the data of figure 3b, we define the system detection efficiency as SDE = rjc ■ rjintrmsic ■ 
Vabsorption- FoY the SDE the coupling efficiency rjc is taken as unity. We approximate an 
exponential wavelength dependence of the intrinsic efficiency rjintrmsic of the detector.- In 
figure 3b the resulting fit through the maximum polarization can be seen. The fit explains 
the shape well. From the fitting we obtain a fiber tip to detector distance of /=1.23/im, 
which is a reasonable value as the fiber ferrule is directly in contact with the chip. The fit 
also yields a maximum value of 33.6% efficiency at A = 1200 nm. 

The results of the 'attenuation' method are verified using the absolute efficiency mea- 
surement setup. We have performed a full set of measurements, with two silicon avalanche 
photodiodes and another self aligned SSPD as conjugate detector. The coincidences are 
recorded for a fixed time (120 s). By fitting all data sets, the path and detector efficiencies 
are determined. The efficiencies of the two Si avalanche photodiodes turn out to be 1.52 % 
and 1.57 %, slightly lower than their specifications (www.optoelectronics.perkinelmer.com). 
The efficiency of the SSPD under investigation is 11.9 %. As can be seen in figure 3b (circle) 
this is in good agreement with the 'attenuation' method. 

In conclusion, we have applied a technique which reliably couples a fiber to a supercon- 
ducting nanowire single photon detector. We have shown a high coupling efficiency and 
peak system detection efficiency of 34 % at A=1200 nm. In the future we will use fibers 
with an antirefiection coating, which will reduce losses at the end of the fiber. In addition, 
the optical system can be designed such that it is possible to have the maximum efficiency 
at any required wavelength by adjusting the thickness of the silicon oxide. 
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